Modification of erbium photoluminescence decay rate due to ITO layers on thin films of SiO 2 
Introduction
During preparation of electroluminescent devices, optimization of an active layer material is performed using photoluminescence (PL), amongst other characterization techniques. When the growth of the active film has been optimized, electrical contacts are deposited and electrical characteristics and electroluminescence are tested. However, the presence of the contacts can alter the luminescent properties of the active layer through the Purcell effect [1] , in which the spontaneous emission rate of an emitter depends on its dielectric surroundings and the presence of interfaces between the media of different permittivities. This is described by variations in the local optical density of states (LDOS) [2, 3] . Enhancement of the radiative rate of erbium in silica glass in the proximity of liquids with various refractive indices was previously demonstrated, hence confirming the effect [4] . Such an enhancement may also be expected in the proximity of an interface with metal [5] . The decay rate of a luminescent center near a dielectric-metal interface can be also modified by other processes like surface plasmon excitation or lossy surface wave excitation [3, 6] . Using semimetallic transparent Indium Tin Oxide (ITO) contacts, it is possible to measure PL lifetimes and intensity through the contacts. We observe that the presence of ITO, which is extensively used as a transparent electrical contact in light emitting devices, can also increase the erbium PL decay rate. Importantly, the process is reversible by removing the ITO layer, confirming that the change is not due to diffusion of metal ions into the active layer, or chemical changes in the sample.
Experimental
Substoichiometric SiO x :Er thin films were deposited by sputtering on /1 0 0S p-type silicon wafers. Deposition details were reported in Ref. [7] . The silicon excess was 7 at%, as estimated by FTIR measurements. The erbium concentration was estimated to be 2.2 Â 10 20 cm À 3 , based on SIMS measurements of a similar sample. After deposition, the samples were annealed at 900 1C for 1 h under nitrogen flux in order to nucleate and grow silicon nanoclusters (Si-ncs). All the samples have the same material composition, but different thickness, which was determined by spectroscopic ellipsometry. ITO layers of thickness 60 nm were deposited by sputtering, and standard photolithography was carried out to form electrical contacts. PL measurements were performed using a Bentham M300 single grating monochromator and a NIR-sensitive Hamamatsu photomultiplier (R5509-72). The pumping of erbium photoluminescence in Si-ncs doped SiO 2 :Er can be realized in two modes: direct and indirect excitation. For direct excitation, we used a Spectra Diode Laboratories MOPA laser with wavelength l exc ¼980 nm. The corresponding photon energy coincides with energy of second excited state of Er 3 þ ion, and incident photons can be absorbed directly by the ions. For indirect excitation, a DPSS laser emitting at wavelength l exc ¼473 nm was used. In this mode, incident photons are nonresonant with Er 3 þ energy levels, and the only available excitation path is absorption by Si nanoclusters and subsequent energy transfer to erbium ion [8] . In both cases laser beam was modulated with a Pockels cell. Time-resolved PL transients were recorded with a digital oscilloscope.
Results and discussion
Fig. 1 presents PL spectra of erbium emission obtained under 473 nm excitation, and the inset shows the evolution of PL lifetime with the thickness, as obtained with 473 nm and 980 nm excitations. Four samples were studied, with film thickness of 27 nm, 79 nm, 119 nm, and 170 nm. Although the material composition is intentionally identical for all samples, PL intensity does not depend linearly on the film thickness. This is due to the fact that difference in thickness leads to different stress in the samples, which affects nucleation and growth of Si-ncs during thermal treatment [9, 10] . The inset shows time constants of PL decay. The PL transients for 980 nm excitation were fitted well with a single exponential decay function with lifetimes ranging from 2 ms to 4.2 ms. The PL transients recorded with 473 nm excitation slightly diverge from single exponential behavior and better fits are obtained with double exponential decay function. The time constants of longer components are shown in the inset of Fig. 1 , they range from 1.7 ms to 3 ms, which is typical for indirectly pumped erbium PL in Si-ncs doped SiO 2 :Er. In the indirect pumping mode we can excite only erbium ions located close to Si nanoclusters, as the energy transfer is limited to a certain distance [11] . Within this limit, erbium ions located at a longer distance from Si-nc contribute to slower PL decay, and those located closer to Si-nc contribute a faster PL decay due to enhancement of radiative lifetime in the proximity of Si nanoclusters [12, 13] . This leads to characteristically double exponential PL transients. It should be noted that for indirect excitation the effective excitation cross section is few orders of magnitude higher than that for direct pumping, but only small fraction of erbium ions is coupled to Si nanoclusters [14] . The direct pumping is much less efficient, but can excite large number of ions including those non-coupled to Si-ncs. This leads to different PL decay characteristics in both modes. Fig. 2 shows how PL transients are modified due to the presence of the ITO layer (for the sample of thickness 79 nm). The PL transients are normalized and it is clear that PL decay rate is increased under the ITO layer. For direct pumping (980 nm) the PL transients remain single exponential under ITO for most of the samples. Only for the thinnest sample double exponential decay was observed, but the dominant longer component was still shorter compared to the PL lifetime recorded on an area without the ITO. For indirect pumping (473 nm) the PL decay rate is also increased under the ITO layer. In this case the PL transients remain double exponential and only the longer component is modified, the shorter component does not seem to be affected, which will be discussed later. Fig. 3 shows the change in the observed PL decay time due to the presence of the ITO layer. The ratio of PL decay time under the ITO layer to that in the areas without the ITO is plotted as a function of the thickness of active layer. For the data where the double exponential function was used, the longer components are compared. For all the samples we observe an increase of erbium PL decay rate due to the ITO layer. In most cases there is also an increase of PL intensity. However, we observed that the power of reflected laser beam was lower when the laser illuminated areas covered by the ITO layer; in this case the ITO layer behaves as an antireflective coating and the effective pumping power inside the film may be higher, consequently PL intensities cannot be compared.
The rate of spontaneous emission from a dipole in a slab structure can be investigated theoretically by calculating the emitted power from the dipole while taking into account the reflections from the discontinuities in the structure [15] . We simulated the enhancement of decay rates of Er 3 þ due to the presence of the ITO and silicon surfaces using this method. The decay rate (w), normalized with respect to the decay rate of a dipole located far from any interface in the homogenous medium (w bulk ) is obtained by integrating the classical dissipated power (P) over the in-plane wave vector (p):
1 P bulk dp dP dp ð1Þ
Here, Z bulk is the quantum efficiency of the dipole and P bulk is the power dissipated from the dipole in the initial bulk homogenous media. The integrand in the above equation can be calculated by considering the Fresnel reflections for any number of surfaces near the dipoles [15, 16] . Erbium in our samples is contained within the thin SiO 2 layers doped with Si-ncs. Therefore, we first estimate the quantum efficiency Z bulk of erbium in the bulk SiO 2 doped with Si nanoclusters. If the bulk homogenous medium had no defects, then the quantum efficiency of erbium in this medium would be Z 0 ¼1. The radiative decay rate in this case is estimated to be w 0 rad ¼70 s À 1 [17] . Now, we assume that the defects in the media would increase the decay rate by providing additional non-radiative decay paths and that the radiative decay rate (w 0 rad ) would remain the same. With this assumption, the quantum efficiency of erbium in bulk SiO 2 doped with Si-ncs can be written as Z bulk ¼ w 0 rad /w bulk . We use Eq. (1) in our reference structures without ITO layers and obtain the following equation for Z bulk [17, 18] :
In Eq. (2), we can determine w from the PL measurements. The integrand is theoretically calculated using the Fresnel reflections on our reference structures with thin layers (of known thicknesses) of erbium and Si-nc doped SiO 2 on silicon substrates. The above calculated bulk quantum efficiencies Z bulk can be used in Eq. (1) to evaluate the decay rate enhancement due to presence of interfaces. We consider two systems: the first one is a thin film on Si-substrate (enhancement w/w bulk ), which was already used to determine Z bulk values, the second one is a thin film on a Sisubstrate and with the ITO layer on the top (enhancement w ITO / w bulk ). In both cases, Eq. (1) gives enhancements with respect to w bulk , but the ratio of these two results gives ratio of decay rate for the thin films with or without ITO (w ITO /w). In this way, we can predict the rate enhancement due to the ITO layer and compare it with the experimental results. In our calculations, we have assumed the erbium in Si-nc-doped SiO 2 to be arbitrarily oriented and evenly distributed within the oxide matrix with a spacing of 5 nm between the ITO/SiO 2 interface and the nearest erbium ion [17, 19, 20] . The thickness of the ITO layers deposited is 60 nm and the refractive index of ITO at 1535 nm wavelength is considered to be (0.5þ0.4i) [21] . The refractive index of Si-nc-doped SiO 2 at the same wavelength is 1.5 [16] .
In Fig. 3 , the results of the above calculation (dashed line) are compared with the corresponding experimental values of the ratio of decay times (t ITO /t) with and without the ITO layer for both direct and indirect pumping.
For most samples the calculation predicts enhancement higher than that observed. A possible source of error is the optical constants of our ITO being different from that reported in literature, as they are sensitive to deposition conditions. However, perhaps more significantly, we note that the actual distribution of erbium ions and Si nanoclusters within the layer is unknown. In our calculation we assumed an uniform distribution. This should be correct for experiment with direct pumping (980 nm) which excites all erbium ions in the layer. However, it may be inaccurate for indirect mode-we note that the region of the layer close to the silicon substrate may be depleted of silicon nanoclusters due to interfacial stress [10] . But the real distribution of Si-ncs is not known, and using uniform distribution in the calculations is only approximation. Nevertheless, the general form of the variation in radiative enhancement with sample thickness is similar between the predication and experimental plots.
The observed radiative rate enhancement is also more pronounced with direct excitation (980 nm) than with indirect pumping (473 nm). Here we note that with indirect excitation (473 nm) we excite only erbium ions close to Si nanoclusters. Their radiative rate is already increased due to the proximity of Si-nc [12, 13] and further modification of total decay rate by the effects caused by the more distant ITO layer is smaller. In other words, the effect of ITO on the top of the thin film can be screened by Si nanoclusters. For the same reason, the shorter component in double exponential transients is not modified by the presence of ITO, as it originates from erbium ions located very close to Si-ncs. On the other hand, the situation for indirect excitation can be more complicated. It is not clear whether changing LDOS due to the proximity of the conductive medium can also modify the excitation transfer rate from Si nanoclusters to erbium. While it has been reported that modification of the transfer rate occurs [22] , there are also reports that the transfer rate does not depend on LDOS [23, 24] . This remains controversial, and on the basis of our measurements we are not able to determine whether there is any enhancement of transfer rate in addition to that of the radiative rate.
Conclusions
We report here that presence of ITO top electrodes strongly modifies the erbium luminescence decay rate in a similar way to metallic overlayers or higher refractive index media. The effect is weaker with indirect excitation, probably due to the fact that erbium ions coupled to Si nanoclusters have already modified radiative rate due to the proximity of Si-nc and additional modification by ITO layer is weaker. Comparison with theoretical calculations gives only qualitative agreement. The observed effect can be a combination of radiative enhancement, interaction with surface plasmons, and lossy surface wave excitation, and is likely to be at least partly responsible for the short luminescence lifetime observed for electroluminescence from SiO x :Er devices [25] .
